Combating eutrophication requires changes in land and water management in agricultural catchments and implementation of mitigation measures to reduce phosphorus (P), nitrogen (N) and suspended sediment (SS) losses. To date, such mitigation measures have been built in many agricultural catchments, but there is a lack of studies evaluating their effectiveness. Here we evaluated the effectiveness of mitigation measures in a clay soildominated headwater catchment by combining the evaluation of long-term and high-frequency data with punctual measurements upstream and downstream of three mitigation measures: limefilter drains, a two-stage ditch, and a sedimentation pond. Long-term hydrochemical data at the catchment outlet showed a significant decrease in P (-15%) and SS (-28%) and an increase in nitrate nitrogen (NO 3 -N, +13%) concentrations. Highfrequency (hourly) measurements with a wet-chemistry analyzer (total and reactive P) and optical sensor (NO 3 -N and SS) showed that the catchment is an abundant source of nutrients and sediments and that their transport is exacerbated by prolonged drought and resuspension of stream sediments during storm events. Lime-filter drains showed a decrease in SS by 76% and total P by 80% and an increase in NO 3 -N by 45% compared with traditional drains, potentially indicating pollution swapping. The effectiveness of two-stage ditch and sedimentation pond was less evident and depended on the prevalent hydrometeorological conditions that drove the resuspension of bed sediments and associated sediment-bound P transport. These results suggest that increased frequency of prolonged drought due to changing weather patterns and resuspension of SS and sediment-bound P during storm events can override the generally positive effect of mitigation measures.
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Hydrologic Extremes and Legacy Sources Can Override Efforts to Mitigate Nutrient and Sediment Losses at the Catchment Scale Magdalena Bieroza,* Lars Bergström, Barbro Ulén, Faruk Djodjic, Karin Tonderski, Anuschka Heeb, Jonas Svensson, and Johan Malgeryd P hosphorus (P) and nitrogen (N) are critical elements for sustaining growth of all living organisms, a function that has been exploited in food production for centuries. The vast use of organic and mineral fertilizers in agriculture has led to gradual accumulations of surplus P in soils and N in the unsaturated zone, which in turn has led to deterioration of water quality, including eutrophication and hypoxia. To mitigate those negative effects, a more sustainable use of fertilizers is needed that balances both food production needs and environmental capacity (Sharpley et al., 2018) . However, many agricultural catchments suffer from chronic water pollution that requires more decisive measures to reduce P, N, and suspended sediment (SS) losses (Bol et al., 2018) . In the EU, implementation of these mitigation measures and best management practices (BMPs) is required by the legislation (Water Framework and Nitrates Directives) and co-financed by agri-environmental programs. However, the effectiveness of mitigation measures to reduce P, N, and SS losses is often unsatisfactory due to legacies of past nutrient and land management (Van Meter et al., 2017) as well as time lags in pollution transfer (Howden et al., 2010) and stream ecosystem recovery (Meals et al., 2010) . Mitigation measures are often built in headwater catchments, which control the water quality signature of the stream network (Abbott et al., 2018; Alexander et al., 2007) and are hot spots of agricultural water pollution (Bieroza et al., 2018) . Recent studies indicate that extreme weather can exacerbate nutrient and sediment export from agricultural headwater catchments , requiring large-scale mitigation solutions to offset the increased hydrologic flashiness of the changing climate (Ockenden et al., 2017) .
A large number of studies show that nutrient and SS losses from agricultural land are diffuse in space and time (Basu et al., 2011; Bieroza et al., 2014; Djodjic and Markensten, 2018) and thus difficult to capture by conventional monitoring and modeling and to mitigate using general measures not adapted to local conditions (Schoumans et al., 2014) . Significant progress in understanding nutrient and SS dynamics in agricultural catchments has been achieved with high-frequency (less than hourly) sampling (Bieroza et al., 2014; Jordan et al., 2012) that matches chemical measurement intervals to the time scales of stream flow changes. Compared with traditional low-frequency sampling, high-frequency data reduce uncertainty in concentration and load estimation (Cassidy and Jordan, 2011) and allow evaluation of water quality patterns during low-and high-flow conditions that link to hydrochemical processes and catchment management . Large numbers of paired concentration and discharge data obtained with high-frequency sampling allow for an analysis of concentration-discharge (c-q) slopes, which can provide information on changing sources and delivery pathways of nutrients and SS (Lloyd et al., 2016; Sherriff et al., 2016) , as well as the role of within-stream retention and release processes in response to hydrologic forcing (Bieroza and Heathwaite, 2015; Jarvie et al., 2012) . As the c-q relationship encapsulates information about hydrochemical regime and transport limitation versus source limitation, it can provide evidence of catchment functioning (sink vs. source of pollution) needed to evaluate the effectiveness of mitigation programs (Bieroza et al., 2018) .
Mitigation measures include a range of land and water management solutions aimed at reducing nutrient and SS losses from agricultural land to water by removing sources of pollution, preventing mobilization and delivery of nutrients and SS to the stream network, and minimizing their negative impact on aquatic ecosystems (Meals et al., 2010; Schoumans et al., 2014) . Mitigation measures implemented closer to pollution sources are in general more effective (farm and field measures, e.g., structure liming or lime-filter drains) compared with stream-network measures that capture multiple diffuse pollution sources in runoff (e.g., two-stage ditches and sedimentation ponds) (Meals et al., 2010; Schoumans et al., 2014) . Therefore, typical mitigation programs include a combination of different types of measures to capture both primary (farm and field) and secondary (in-stream network) pollution sources (Malgeryd et al., 2015) . However, evaluating their effectiveness is difficult due to variation in weather conditions before and after implementation of the measures and challenges in isolating the water quality impact of individual measures. As such, a novel approach that combines different sampling techniques is needed.
The aim of this paper is to evaluate the effectiveness of mitigation measures at the headwater catchment scale based on long-term, flow-proportional monitoring (before-and-after evaluation) and for individual measures in response to hydrologic events based on high-frequency automated sampling with state-of-the-art analyzers and sensors. Of the measures evaluated in our study, lime-filter drains and sedimentation ponds have been tested under Nordic conditions (Bastiene et al., 2012; Ulén and Etana, 2014) with no evaluation for two-stage ditches. Our hypothesis is that hydrologic extremes, which become more frequent under changing climate, mobilize legacy nutrient sources, exacerbate SS resuspension, and can override the management efforts by making the mitigation measures ineffective in the short term. We focus on a headwater agricultural catchment in southeastern Sweden with high diffuse losses of nutrients and SS and a successful collaboration between farmers, policy makers, and scientists working together to reduce water pollution through mitigation measures (Bieroza et al., 2018; Malgeryd et al., 2015; Ulén et al., 2012) .
Materials and Methods

Study Catchment and Hydrochemical Data
The E23 study catchment ( Fig. 1, Table 1 ) is a small (7.4km 2 ) headwater catchment dominated by arable land and crop production (54%) (Ulén et al., 2012) . Diffuse losses of P and SS from intensive agricultural land to stream are exacerbated by the heavy clay soils prone to erosion and high hydrologic flashiness with low impact from point sources (Ulén et al., 2012) . Long-term (2007 Long-term ( -2018 hydrochemical data (fortnightly flowproportional composite samples) for E23 were obtained from the Swedish Agricultural Monitoring Program (Kyllmar et al., 2014) , which monitors 11 headwater agricultural catchments in Sweden (Table 1 , Supplemental Fig. S1 ). The number of subsamples in a composite sample is flow dependent (more subsamples during higher flow discharge); therefore, nutrient and SS concentrations in composite samples are flow-weighted, allowing a direct comparison between periods before and after the measures were implemented. Flow-proportional sampling allows the effect of varying climatic and hydrologic conditions to be disentangled from the combined effect of mitigation measures and changes in land management on nutrient and SS concentrations.
Composite samples for each catchment were refrigerated during the 2-wk collection period and transported promptly (<2 d) to a certified laboratory for nutrient and SS determination using standard analytical methods. Flow discharge was calculated from 15-min water stage measurements in V-notch weirs at the catchment outlets and upstream-downstream profiles for individual sampling points in E23 and established rating curves. Meteorological data were obtained from the Swedish Meteorological and Hydrological Institute daily records (SMHI, 2019). All high-frequency measurements in the E23 catchment were performed in parallel to flow-proportional and grab sampling in the period August 2017 to November 2018. To capture stream chemistry dynamics in response to flow, we used state-of-the art automated in situ instruments ( Supplemental Table S1 ) to collect 15-min measurements of stream water chemistry (total P [TP] , N = 27,256), total reactive P (TRP, N = 26934), turbidity (N = 43122), and nitrate nitrogen (NO 3 -N, N = 42,797) at the catchment outlet (CA in Fig. 1 ). Measurements were conducted on unfiltered samples with wet-chemistry analyzers (Phosphax [Hach Lange] giving TP and TRP) and optical sensor for turbidity and solutes (Spectrolyser; s::can) (Bieroza et al., 2018) . To capture turbidity and flow dynamics upstream and downstream of the individual mitigation measures (Fig. 1) , we placed optical sensors (YSI EXO3) at five sampling points along the stream: two wells draining lime-filter and traditional drain (LF and NF, N = 25826), upstream of two-stage ditch (SD Up , N = 29478), downstream of two-stage ditch/upstream of sedimentation pond (SD Dn /SP Up , N = 27796), and downstream of sedimentation pond (SP Dn, N = 28146). No samples were collected January to March 2018 due to freezing and July to August 2018 due to no flow ( Fig. 3 ). We used turbidity as a proxy for SS dynamics but reported each parameter separately (SS for flow-proportional and turbidity for high-frequency sampling).
To assess the effect of individual mitigation measures (limefilter drain, two-stage ditch and sedimentation pond) on stream water quality, both low-(TP, TRP, NO 3 -N, N = 20) and high-frequency (turbidity, N = 25826-29478) flow-weighted measurements were compared for upstream (control) and downstream (treatment) locations. To test the effect of lime-filter drains, two wells were sampled, one draining a field via a drain with lime-backfilling and another with a traditional backfilling. Both wells drain neighboring fields of the same sizes (10 ha) and have the same flow dynamics, water flux, cultivation and management.
Mitigation Measures
In collaboration with farmers, the Swedish Board of Agriculture, the Federation of Swedish Farmers, and county administrative boards initiated the Focus on Phosphorus program (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) in three pilot catchments-E23, U8, and N33-to implement measures aimed at reducing P and SS losses from surface runoff (Malgeryd et al., 2015) . Prior to the project, the farmers in E23 reported some recurring problems with cultivation due to local field flooding, soil erosion, and soil compaction. The initial phase ( Supplemental Table S2 ) included mostly farming advice and building buffer zones along the main stream. During the main phase (2012-2014), most of the structure liming (30% of the catchment), drainage modernization, building of lime-filter drains (18% of the catchment), a 2-km twostage ditch, and a sedimentation pond (two basins 0.15 ha each) were performed. The two-stage ditch and sedimentation pond both intercept water, nutrient and SS flux from 80% of the area in the catchment (Fig. 1 ).
Data Analyses
All high-(15-min) and low-frequency (fortnightly and monthly) datasets were quality controlled to remove outliers and calculate basic descriptive statistics (Zuur et al., 2010) . To visualize the overall effect of mitigation measures on water quality before and after the measures, flow-proportional time series were divided into three periods: 2007-2011 (Period I), 2012-2014 (Period II) and 2015-2018 (Period III), representing the times before, during, and after implementation of the mitigation measures in E23, respectively ( Supplemental  Table S2 ).
To evaluate the effect of changing hydrologic regime on concentration trends, three metrics of hydrologic flashiness were calculated: flashiness index Q 5 :Q 95 ( Jordan et al., 2005) , Baker-Richards flashiness index FI BR (Baker et al., 2004 ) and a coefficient of flow variation, CV:
where Q 5 :Q 95 characterizes the ratio of high (Q 5 , flows equaled or exceeded for 5% of the flow record) to low flows (Q 95 , flows equaled or exceeded for 95% of the flow record) based on daily data during a hydrologic year, FI BR characterizes changes in daily flows (flow at day i Q i minus flow at previous day Q i-1 ) relative to average yearly flows (calculated for hydrologic years), and CV characterizes variation in flow data (s) in relation to the annual mean (m). Higher flashiness indices indicate a higher ratio of flashier, faster flow responses to precipitation compared with slower, low flows (baseflow and slow subsurface flow). Storm event loads were calculated using a standard algorithm based on instantaneous concentration and flow discharge (Bieroza et al., 2014; Cassidy and Jordan, 2011) 
where C i and Q i are instantaneous high-frequency concentration and discharge data, L is the load estimate, Q r is the average flow discharge based on the long-term data, K is a unit conversion factor, and n is the number of concentration measurements. Storm events were detected from 15-min flow data and defined as events with an increase in discharge of at least 0.2 m 3 s -1 and a decrease in discharge of at least 50% after the peak discharge (Bieroza and Heathwaite, 2015; Dupas et al., 2016) .
To examine the dominant hydrochemical responses, the c-q slope (b c-q ) was calculated by fitting a linear regression to the log-transformed data (Bieroza et al., 2018; Godsey et al., 2009) . To compare the differences in median (for non-normally distributed data) concentrations and b c-q between the stream locations and sampling periods, a nonparametric analysis of variance was used (Kruskal-Wallis test). The one-sample Kolmogorov-Smirnov test was used to test the null hypothesis that the data come from a standard normal distribution. For all analyses, a uniform significance level of 0.05 was used. All data processing and statistical analyses were performed in MATLAB version 9.4 (Mathworks, 2018) .
Results
Low-Frequency Hydrochemical Data
Long-term flow-proportional data showed that P (TP m = 0.33 and soluble reactive P [SRP] m = 0.16 mg L -1 ) and SS (m = 108.5 mg L -1 ) stream concentrations in E23 are some of the highest among headwater agricultural catchments in Sweden (Table 1 ). Significant reductions (p < 0.05) in P and SS concentrations were observed in E23 (Fig. 2 ) when comparing the flowweighted concentrations before (Period I) and after the measures (Period III). Median TP concentrations decreased from 0.34 to 0.29 mg L -1 (-15%), and median SS concentrations decreased from 108 to 78 mg L -1 (-28%). However, median NO 3 -N concentrations increased from 3.0 to 3.4 mg L -1 (+13%), with a decrease to 1.9 mg L -1 in the period during the implementation of the measures (Period II). The variation in concentrations (measured as a range between extreme values and interquartile range) decreased significantly for TP and SS after the implementation of the measures but increased for NO 3 -N. No significant effects were observed for SRP.
In the corresponding period, similar trends in TP and SS concentrations were observed for U8 with mitigation measures implemented ( Supplemental Table S2 ) but not in N33 as hydrochemistry was not monitored after 2014. In other catchments with less intensive or no mitigation, significant trends were observed in TP (decrease in U8, E23, C6, E21, and F26), SS (decrease in O18 and F26; increase in M42 and E21) and NO 3 -N concentrations (increase in M36, O18, N34, M42, and F26).
As the observed decreases in P and SS concentrations can be driven by changing hydrologic conditions and/or changing land management with mitigation measures, we analyzed the trends in flashiness metrics (Q 5 :Q 95 , FI BR , and CV) between Periods I and III. The flashiness trends were not clear and for many catchments not significant (Supplemental Fig. S3 ). For E23, flow discharge ( Fig. 2 ) and flashiness did not change significantly over time, with both Q 5 :Q 95 and FI BR after the implementation of the measures similar to the long-term values . The flashiness was higher in the period during the implementation of the measures, potentially due to induced perturbation of the system by construction work, which could explain lower concentrations of SRP and NO 3 -N in Period II (Fig. 2) . For M36 and M42, a reduction in hydrologic flashiness and in the dilution capacity of stream flow could have led to significant increases in TP, SS and NO 3 -N concentrations between Periods I and III.
High-Frequency Hydrochemical Data
Our high-frequency measurements (Fig. 3) coincided with the period after the implementation of the measures (Period III in Fig. 2 ) and drier conditions than usual (Supplemental Fig. S3 ). There were 22 major storm events in that period (Table 2) that produced different hydrochemical responses. Turbidity and TP concentrations showed consistently positive values of c-q slope, indicating a concentration effect (turbidity b c-q = 0.74 ± 0.22, TP b c-q = 0.64 ± 0.18). Solutes behaved differently than particulates, with TRP showing much lower values of c-q slope (b c-q = 0.25 ± 0.22) and NO 3 -N showing a predominant dilution pattern (b c-q = -0.10 ± 0.50). However, NO 3 -N concentrations showed a dual response: summer and early autumn storm events exhibited a weak concentration effect (b c-q > 0), and winter storm events exhibited a dilution effect (b c-q < 0; Table 2 ).
Storm events of the highest magnitude measured as peak stream flow did not correspond with the highest concentrations and loads ( Table 2 ). The highest concentrations and loads were typical for first storm events after a prolonged time with low flow conditions in late summer-early autumn (Storm Event 5 for turbidity and TP, Storm Events 1-2 for NO 3 -N) and midwinter (Storm Event 15) ( Fig. 3 ). Particularly high concentrations were observed during Storm Event 22 in September 2018 after an extremely hot and dry summer (stream dried out completely in August). The maximum NO 3 -N concentration of 56.4 mg L -1 exceeded the EU drinking water limit of 11.3 mg L -1 by almost fivefold.
With such large variation in concentrations driven by hydrologic events and antecedent hydrometeorological conditions, it is not surprising that fortnightly flowproportional sampling, intended to accurately capture loads, missed almost all maximum turbidity and TP concentrations (Fig. 3) . Although the interquartile range concentrations corresponded well between both datasets, there was a significant underestimation of maximum concentrations by the low-frequency composite sampling.
Effectiveness of Individual Mitigation Measures
Based on 15-min sampling with sensors (turbidity) and monthly grab sampling (nutrients), a significant reduction in flow-weighted turbidity and TP concentrations was observed for lime-filter drain compared with traditional drain, both as a reduction in median concentration (turbidity: 34.6 and 148.5 nephelometric turbidity units [NTU] , N = 25826, TP: 0.038 and 0.194 mg L -1 , N = 20) and a reduction in the variation in concentrations (Supplemental Fig. S4 ). However, NO 3 -N concentrations were 45% higher for limefilter drains (5.71 mg L -1 ) compared with traditional drain (3.11 mg L -1 ). No significant effect of two-stage ditch and sedimentation pond on median concentrations of turbidity, TP, TRP and NO 3 -N was observed. However, based on data distribution (interquartile range), two-stage ditch appeared to reduce P concentrations as the variation in TP and SRP concentrations at SD Dn was lower than at SD Up . A similar effect was observed for sedimentation pond and NO 3 -N, as the variation in NO 3 -N concentrations was lower at SP Dn than at SP Up .
High-frequency data clearly showed that limefilter drain reduced turbidity concentrations (flowweighted) compared with traditional drain (Fig. 4) both during low flow conditions and storm flows. For example, a storm event at the beginning of September 2017 led to disproportionally higher concentrations in traditional drain (4050 NTU) compared with limefilter drain (650 NTU). For both the two-stage ditch and sedimentation pond (Fig. 4) , the differences in concentrations between upstream and downstream Supplemental Fig. S1 ). The catchments are ordered according to soil texture, from heavy clay on the left-hand side to sandy soils on the right-hand side; those with mitigation measures have light green shading. Each dataset is divided into three periods: 2007-2011 (Period I), 2012-2014 (Period II), and 2015-2018 (Period III) that represent time before, during, and after implementation of the mitigation measures in the E23 catchment. Each boxplot shows median value in red, 25th and 75th percentiles as a blue box, and black whiskers extending to the most extreme data points that are not outliers. Fig. 2 . Table 2 . Storm event (Fig. 3) sections were not evident and the measures acted both as a sink and source of SS. The variation in turbidity concentrations was higher for SD Dn and SP Dn , indicating that resuspension of bed sediments played an important role in SS export in the downstream sections of the two-stage ditch and sedimentation pond. The effect of sediment resuspension and exhaustion of this secondary source can be seen in Supplemental Fig. S5 , which shows turbidity concentrations during and after sediment removal from the two-stage ditch. Dredging of accumulated sediments lowered turbidity concentrations at SD Dn from 75 to 30 NTU. In Storm Event 1, a pre-event increase in turbidity concentrations occurred in both SD Dn and SP Dn but not at the upstream point SD Up and resulted from resuspension of eroded sediments. Mobilization of this eroded material led to higher turbidity concentrations during two consecutive Storm Events 1 and 2. In the subsequent double-peak storm event, exhaustion of dredged material was observed for SD Dn (no response to Storm Event 3 compared with SP Dn ). During Storm Event 4 (the final storm event), turbidity concentrations for all points were not significantly different.
Fig. 3. Time series of flow discharge (Q), turbidity (TURB), total P (TP), total reactive P (TRP), and NO 3 -N measured at 15-min increments at the E23 catchment outlet (black lines) and fortnightly, flow-proportional samples (blue circles). Major storm events are numbered and given in Table 2. On the righthand side, Kruskal-Wallis one-way analysis of variance (for both the low-frequency (LoF) and high-frequency datasets (HiF). Boxplots as in
Discussion
A growing body of evidence shows that the efforts in combating eutrophication in North America and Europe (Bol et al., 2018; Jarvie et al., 2013) , and specifically of the Baltic Sea (Conley et al., 2009; European Court of Auditors, 2016) , are unsatisfactory. A greater use of mitigation measures is thus required to achieve good chemical and ecological status, particularly in light of climate change (Ockenden et al., 2017) . However, many studies show mixed effectiveness of these measures on water quality and considerable lags between treatment and response (Dodd and Sharpley, 2015; Meals et al., 2010 ) that are increasingly difficult to communicate to stakeholders expecting instant improvements. Therefore, our study adds value to the ongoing research on mitigation by analyzing its impact for a headwater agricultural catchment with high diffuse losses of P and SS.
Our evaluation of the long-term hydrochemical data in catchment E23 showed reductions in P and SS and increase in NO 3 -N concentrations at the catchment outlet that could not be explained by changes in hydrologic regime or land use management (production and fertilization did not change significantly after the measures; data not shown). Therefore, mitigation measures are the likely cause of observed water quality trends. Similar trends in P and SS concentrations and flashiness were observed in two other catchments, U8 and F26 (Fig. 2) . In the U8 catchment, similar mitigation measures were implemented ( Supplemental Table S2 ), which could explain similar reductions in P and SS concentrations (17 and 43%, respectively), but there was also a corresponding decrease in NO 3 -N concentrations by 46%, unlike what occurred in E23 (increase by 13%). In the F26 catchment, the observed decrease in P and SS and increase in NO 3 -N concentrations could be explained by much lower flashiness (not significant) in Period III, potentially leading to lower erosion and P losses and higher solute concentrations due to lower dilution. In E23, although flashiness was not significantly different before and after the measures, Period III after the measures was distinctively drier (Supplemental Fig. S3 ). Therefore, longer hydrochemical time series are required to fully validate our results.
Several factors have been shown to determine the success or failure of BMPs, including insufficient landowner participation, challenging weather, improper selection of BMPs, misunderstanding of pollution sources, inadequate level or distribution of BMPs, and time lags due to long delivery pathways both in space and time (Meals et al., 2010; Mellander et al., 2018; Withers et al., 2014) . The landowner participation in E23 was very good throughout (9 out of 10 landowners participated), and the selected measures were appropriate for reaching the required reductions in P and SS losses (Malgeryd et al., 2015; Schoumans et al., 2014) . Therefore, from the potential factors affecting the effectiveness of the measures in E23, we discuss here the weather conditions, quality of the monitoring data used to assess the impact, and time lags.
Variation in Weather Conditions
The flashiness metrics analyzed in our study did not show any significant changes in the stream flow regime that could explain the decreasing trends in P and SS concentrations. On the other hand, the period after implementation of the measures (2015-2018) was dry with low groundwater levels, lower precipitation, and reduced flow discharge ( Supplemental Fig. S3 ). These contradicting observations can result from the fact that bulk flashiness metrics do not capture year-to-year variation in frequency and duration of high and low flow conditions (Ulén et al., 2018) . They are meant to represent long-term changes in the hydrologic regime that require longer records to calculate (Baker et al., 2004) . Although the meteorological and hydrologic conditions were dry in the period after the implementation of the measures, they were considerably wetter in the period during the implementation (2012) (2013) (2014) . These wetter conditions were not reflected by an increase in TP and SS concentrations (Fig. 2) . Instead, the TP and SS trends showed a gradual decline in concentrations, including during the wetter period. This provides evidence that observed changes could be attributed to mitigation measures.
The influence of changing weather on the effectiveness of water quality management was recently highlighted because of an increasing intensity of the North Atlantic Oscillation (NAO) during the last decade that coincided with implementation of mitigation measures in many countries Ulén et al., 2019) . These studies showed significant correlations between the NAO index and water quality parameters that were not evident in our study (Supplemental Fig. S6 ), neither for chemical nor for flow data, suggesting no impact of the NAO.
Sampling Frequency
Evaluating the effectiveness of mitigation measures typically involves a comparison of loads and concentrations before (control) and after the treatment and can also be affected by the quality of monitoring data (Meals et al., 2010) . Typically, low-frequency flow-proportional data provide information on changes in concentrations and loads over time. However, lowfrequency sampling cannot capture highly episodic P and SS concentrations (Fig. 3) , which is particularly true for flow-proportional sampling intended to accurately capture loads and not concentrations. Therefore, we recommend using a combination of low-and high-frequency sampling techniques to evaluate the effectiveness of the measures. We can assume the underestimation of P and SS concentrations by low-frequency sampling has been consistent over time since the monitoring frequency (fortnightly samples) and method (flow-proportional samples) did not change in the analyzed period (Kyllmar et al., 2014) . This indicates that the variation in concentrations (median and 25th-75th percentiles) would have been different if determined with the high-frequency sampling, but the net effect of sampling frequency on differences between medians (increase or decrease between periods) is likely to be insignificant. One major advantage of low-frequency sampling is its low cost, which allows for long-term determination of changes in hydrochemical time series (Howden et al., 2010) . Detecting change in the hydrochemical functioning of a catchment requires long-term monitoring that allows a sufficient sampling period to account for a potential time lag between treatment and response (Meals et al., 2010) . However, understanding the drivers of any change in hydrochemical time series requires high-frequency sampling. The high-frequency sampling, and the c-q slope in particular, can provide information on the dominant sources and delivery pathways of nutrient and SS losses and their changes in response to hydrologic and management inputs (Bieroza et al., 2018; Lloyd et al., 2016) . Our data in E23 suggest that SS and P delivery pathways are stable over time (consistently positive c-q slopes) and indicate mobilization of near stream sources (e.g., resuspension of stream sediments, P delivery from riparian zone) (Bieroza et al., 2018; Dupas et al., 2016) . However, there is a clear seasonal transition in NO 3 -N delivery (positive c-q slopes in summer and negative c-q slopes in winter), likely driven by differences in N leaching and uptake. In summer, high stream N uptake by plants leads to low N concentrations in baseflow and a concentration effect with stormflow, whereas in winter high N leaching leads to high N concentrations in baseflow and a dilution effect with stormflow (Bieroza et al., 2014; Dupas et al., 2016) .
Moreover, if high-frequency sampling is not adopted, detecting the impacts of the measures can take longer (Meals et al., 2010) , since the low number of samples in typical low-frequency monitoring reduces the statistical power needed to identify trends in water quality (Bieroza et al., 2014) . Overall, the short period after the measures in our study is a potential limitation especially for the monthly grab samples (N = 20) . Therefore, a longer evaluation with both low-(to provide comparison before and after the measures) and high-frequency sampling (to provide information on nutrient and SS responses to changing drivers) is needed.
Time Lags and Legacy Sources
Our results showed that the magnitude of P and SS delivery at the catchment outlet and along the stream is to some extent decoupled from the magnitude of hydrologic forcing and that prolonged dry conditions lead to disproportionally high P, SS and N concentrations, indicating transport limitation. We linked this decoupling to the presence of an abundant legacy source of P within the catchment with an ability to control water quality in the long term (Bieroza et al., 2018) . Our hydrochemical data support this hypothesis since the c-q slopes for P and SS were consistently high and positive, indicating linear increase in concentrations with flow. No delay between peaks in flow and P and SS concentrations (Supplemental Fig. S5 ) indicate that their source is very close or within the stream itself (Bieroza and Heathwaite, 2015; Lloyd et al., 2016) .
Many agricultural catchments are now saturated with nutrients as a result of past and prolonged nutrient inputs above the crop uptake capacity ( Jarvie et al., 2013) . Consequently, legacy P in soils and legacy N in the unsaturated zone are now leaking through the land-water continuum, leading to secondary nutrient hot spots in riparian (Dupas et al., 2015) and hyporheic zones and within-stream bed sediments (Bieroza and Heathwaite, 2015) . In clay catchments, the transport of P and SS from their primary field sources is typically fast due to preferential flow pathways: macropores and overland flow and artificial tile drains (Ulén et al., 2018) . However, repeated deposition and resuspension of SS and sediment-bound P can significantly delay their transport in the stream network ( Jarvie et al., 2012; Meals et al., 2010) . Mitigation measures are aimed at reducing the primary farm or field sources of nutrients and SS (e.g., lime-filter drains) or the secondary sources (in-stream measures) that are a sum of diffuse delivery from the primary catchment sources and their subsequent remobilization in the stream network ( Jarvie et al., 2013) . Secondary P sources result from within-stream P retention through a range of biogeochemical processes including sorption to and desorption from bed sediments and biotic uptake and release ( Jarvie et al., 2012) . The within-stream nutrient sink is, however, temporary and can easily become a source during hydrologic and biogeochemical hot moments (flooding-erosion of bed sediments, delivery of near-stream P and N; drought-release of dissolved P from bed sediments and NO 3 -N from riparian and hyporheic zone; different stages of growthbiotic uptake and release of P and N). This transient storage in streams subjected to chronic pollution is therefore a major controller of the magnitude and timing of SS and P delivery and likely explains the importance of antecedent conditions on delivery in our study. We observed the highest concentrations of P, SS, and N during the first storm events after prolonged drought conditions. This first flush effect results from a gradual accumulation of solutes and particulates within stream and near-stream zones (riparian and hyporheic) and their rapid release upon an increase in stream discharge (Bieroza and Heathwaite, 2015) . As a highly episodic mobilization of secondary source of P and N, the first flush is extremely difficult to mitigate and can lead to acute problems with water quality for human consumption and for aquatic organisms. Under a future climate with more frequent drought, the first flush can become a major water quality management challenge that will require novel preventive measures. Another implication is that it can be potentially difficult to distinguish the real effect of in-stream mitigation measures on the primary sources of nutrients and SS without more sophisticated sediment tracing and modeling approaches. To date, such approaches have been tested for mixed land use catchments with heterogeneous P sources (point vs. diffuse) ( Jarvie et al., 2012) but have not been applied to decouple a more homogenous agricultural P flux.
Effect of Individual Measures
Our results showed a positive effect of lime-filter drains on water quality (reductions in P and SS concentrations), which is in agreement with other studies (Bastiene et al., 2012; Ulén and Etana, 2014) , with no clear effect of two-stage ditch and sedimentation pond (reductions in P and NO 3 -N variation but not median concentrations).
Two-stage ditches and sedimentation ponds operate by reducing stream flow and enabling sediments and nutrients to accumulate on wide terraces in the ditches and within the ponds (Ockenden et al., 2012) . The observed lack of clear effect on water quality is not unexpected since the response time of runoff P to management is likely to take longer than for soil erosion controls like lime-filter drains (Meals et al., 2010) . Another reason for observed differences in effectiveness of different measures is that it is generally easier to reduce pollution close to its source (lime-filter drain) rather than once the pollution is transferred through the stream network (two-stage ditch and sedimentation pond). Building of the two-stage ditch in E23 was completed in late autumn 2014, which prevented vegetation from colonizing bare sediments up until 2016. The BMPs requiring plant communities to be established may take several years before fully effective (Meals et al., 2010) , emphasizing the need for long-term monitoring. Furthermore, prior to building of the two-stage ditch, this stream reach was a net source of P and SS (data not shown); therefore, stabilizing this export (balancing incoming and outgoing concentrations) can be seen as a success of this measure for this catchment. An increasing variation in SS concentrations between upstream and downstream sections of the two-stage ditch and sedimentation pond suggests that both measures retain sediments. However, these sediments become easily resuspended during frequent high flow events when short times between storms prevent the sediments from being immobilized by vegetation. Therefore, there is also a need to further investigate mechanisms through which two-stage ditches and sedimentation ponds modulate concentrations of P (sorption and uptake), SS (deposition), and NO 3 -N (denitrification) Mahl et al., 2015) and the rates of these processes under both flashy and drought conditions. For management, options for removing sediment from two-stage ditches and sedimentation ponds and putting them back on the fields should be considered as a low-cost and effective tool for closing the broken P and SS cycles in agricultural catchments and reducing the new P inputs.
Pollution Swapping
Although positive effects on P and SS concentrations were observed both at the catchment scale and for individual measures, simultaneous increases in NO 3 -N concentrations were also evident. This undesirable effect could be a result of exceptionally dry conditions in recent years that enhanced mineralization of soil organic matter and reduced denitrification or may indicate a pollution swapping effect (Stevens and Quinton, 2009 ). Pollution swapping occurs when reduction in the concentrations of the targeted pollutant (here, P) increases concentrations of another pollutant (here, N) and results from differences in preferential transport mechanisms and biogeochemical transformations of P and N. For lime-filter drains specifically, addition of calcium oxide to drain backfill can increase infiltration and mineralization of organic matter and lead to an increase in NO 3 -N leaching (Svanbäck et al., 2014) . Therefore, any mitigation efforts should consider these potential trade-offs between different pollutants, as focusing solely on P can jeopardize the goal of reducing eutrophication (Conley et al., 2009) . Our results show that NO 3 -N concentrations during storm events can rise significantly above the drinking water limit of 11.3 mg L -1 , posing a direct threat to human consumption and increasing the costs of drinking water treatment.
Conclusions
The combination of low-and high-frequency hydrochemical data in our study showed reductions in P and SS concentrations after implementation of the mitigation measures both at the catchment outlet and for individual measures. Lime-filter drains were particularly effective in reducing P and SS losses, but they also contributed to leaching of NO 3 -N. The two-stage ditch and sedimentation pond acted as both sinks and sources of P and SS depending on the antecedent meteorological and hydrologic conditions and the availability of within-stream sources of P and SS. Mitigation of these secondary P and SS sources is critical for restoring good water quality status in the catchment. Further studies are also needed to determine if the increases in NO 3 -N concentrations both for lime-filter drains and at the catchment scale are a result of dry weather conditions or pollution swapping.
For the future evaluation of the impact of the measures, different sources of uncertainty need to be considered. The methodological uncertainty stems from a relatively short hydrochemical time series and their low frequency to evaluate the impact. This type of uncertainty can be reduced by continuing the monitoring and increasing the statistical significance of observed water quality trends. Combining low-and high-frequency monitoring can further improve statistical power of the evaluation by providing data on concentrations observed during storm events. The epistemic uncertainty concerning the catchment can also be reduced with high-frequency sampling, which provides information on the dominant sources and delivery pathways and mechanistic understanding of catchment functioning. However, advanced tracing and modeling tools are likely needed to distinguish the effect of the measures on primary and secondary P and SS sources and to upscale these findings to entire stream networks.
For future management, financial support for building the mitigation measures should include follow-up hydrochemical monitoring. The evaluation of the effects of the measures should be considered parallel to their cost. A cost-effectiveness analysis can help to prioritize future management actions by targeting them to locations where a high benefit-to-cost ratio is anticipated. Any future mitigation measures need to consider both the scientific evidence on their effectiveness, potential pollution swapping effects, and the local knowledge provided by the landowners. This dialogue can also help to communicate the importance of legacy sources and weather conditions on the effectiveness of the measures. Better understanding of these time lags among stakeholders can improve their participation in the future mitigation programs.
Finally, we anticipate that in the next 350 years, additional pressures on food production, mineral P fertilizer production, and land and water resources are likely to emerge, making stringent P management a necessity. Therefore, we should learn from our current experiences with mitigation measures and improve their future effectiveness through more holistic solutions to closing the water, energy, and food cycles at the catchment scale. One of the approaches could be treating the secondary P and SS source in agricultural catchments as a resource that can be reused on the fields for food production.
Supplemental Material
Supplemental information includes figures on the location of the headwater agricultural catchments analyzed in our study (Supplemental Fig. S1 ), variation in flashiness (Supplemental Fig. S2 ), precipitation and stream flow time series for E23 ( Supplemental Fig. S3 ), variation in concentrations along the stream (Supplemental Fig. S4 ), the effect of sediment removal in SD ( Supplemental Fig. S5 ), and correlations between NAO index and water quality (Supplemental Fig. S6) . Supplemental Table S1 includes information on the wet-chemistry analyzers and optical sensors. Supplemental Table S2 includes information on the mitigation measures implemented in the E23, U8, and N33 catchments.
